We investigate the effects of the atomic cores on the Mie resonance in lithium metal clusters, perturbing a jellium Hamiltonian with zero-range pseudopotentials. The resonance is red-shifted with respect to the classical formula by core effects, most important of which is the increased effective mass due to the core potentials. Much of the large shift seen in lithium clusters is thereby explained if the strength of the pseudopotentials is taken from band structure calculations. However, such pseudopotentials cause the resonance to be greatly broadened, contrary to observation.
I. Introduction
A prominent feature of the response of alkali metal clusters [1] is a strong concentration of strength at a frequency near that of the classical Mie resonance,
Here N is the number of valence electrons, R is the radius of the cluster, and e and m are the electronic charge and mass, respectively. The observed resonance frequency is always lower in alkali metals than the classical value, however. This red shift is particularly prominent in lithium clusters E2], where it amounts to ~ 27%. The origin of the red shift has been somewhat of a puzzle to cluster theorists. The shift is properly reproduced in quantum chemistry calculations [3, 41, but these studies give no clue as to the physical origin of the shift, and the technique is limited to small clusters. For larger systems, the response must be calculated in a more tractable theory, such as linear response with the local density approximation, also known as RPA. Using the RPA in a jellium approximation, one finds a strong concentration of strength slightly red-shifted from the Mie formula. The reason for the shift is the spill-out effect, which is that the effective electron radius is larger than the jellium core radius R. In effect, the R in (1) should be increased slightly because of the singleelectron quantum mechanics.
There are other physical perturbations on the jellium picture which affect the Mie resonance. The core electrons, which in the jellium model are frozen into the ionic charge, can polarize and give the environment of the valence electrons a dielectric constant larger than one. This effect is estimated in Appendix A; it is small except for the heaviest alkali metal, Cs. In particular, the core polarization is negligible for the metal with the largest Mie red shift, namely Li.
In this work we will consider the effect of the ionic cores on the resonant frequency in lithium clusters. In the metal there is a large red shift in the measured plasmon resonance [5] which may be interpreted as a band structure enhancement of the effective mass [6] . Effects of ionic core potentials have previously been considered on the structure of metal clusters [7] and on their Mie resonance [8, 9] . However, [8] and [9] approximate the core potential by a spherical average. This may leave out important lattice effects, as we shall argue in the next section. Our approach will be to take a simple model for the pseudopotentiat, but to treat the lattice structure explicitly.
If. Core potential effects
The core potentials act to increase the effective mass of the electrons. Naively looking at (1), an effective mass enhancement should produce a red-shift for the Mie resonance. To capture the physics of the effective mass enhancement, we should first understand how it comes about [10] . There are two reasons why the core potential increases the effective mass in the metallic lattice. Fundamentally, the requirement that the wave functions of the conduction electrons be orthogonal to those of core elec- Fig. 1 . Ion core effects on electron energies showing a band gap at the edge of a Brillouin zone. The parameters are appropriate to (bcc) lithium metal in the FN direction tron decreases the phase available to the conduction electron. The restriction is stronger for low-momentum states in the conduction band than for high-momentum states, raising the energy of low-momentum states. This is included in the usual treatment of band structure with pseudopotentials; this effect appears because the pseudopotential is repulsive for s-waves but attractive for pwaves. The states in the band have mainly s-wave character at low momentum, and acquire more p-wave character at higher momentum.
There is a second reason for the effective mass enhancement which is more directly associated with the lattice regularity. Consider the single-particle energy-momentum dispersion curve, sketched in Fig. i for a large system. In the jellium model, the energies are pure singleparticle kinetic energies, given by h z k2/2 m. This is indicated by the dashed line. The ionic cores give rise to a band gap, perturbing the energy levels as depicted. For an alkali metal, the Fermi momentum is somewhat below the band edge. The important point is that the slope of the dispersion curve at the Fermi momentum is decreased by the perturbation. The band energy will therefore have an effective mass m* > m. Putting this into (1), the resonance would be red-shifted.
The first effect, a smooth momentum dependence of the ionic core potential, can be estimated rather simply considering the ionic cores as a perturbation on the jellium single-electron Hamiltonian. This is done in Appendix B. For lithium, the effective mass obtained this way is about 1.3m. Effective masses in this range may also be inferred from band structure calculations of the single particle energies. For example, Table 4 of [10] gives a fit to the smooth part of the energy dispersion, which implies an effective mass of 1.3m. Similar dispersion curves may be found in [6, 15] .
The lattice regularity also induces an enhanced effective mass. When the Fermi surface is near the edge of the Brillouin zone, the coherent mixing with nearby states in the next zone increases the level density as well as producing the band gap. The band calculation of [153 gives 6.73 states/Ry/atom at the Fermi surface, implying an effective mass m* = 1.56m.
[6] quotes an optical effective mass of 1.48. The difference between these numbers and the smaller effective mass in the previous paragraph indicates the importance of the specific lattice structure. It is not possible to include a realistic atomic core potential in the calculation of any but the smallest finite clusters, due to computational limitations. We shall therefore use a very simplified pseudopotential to study the effects of the ion cores in moderate size clusters. Since we consider the perturbation from the jellium model to be small, the detailed form of the pseudopotential should be irrelevant if its momentum dependence is treated properly. We are thus led to consider momentum-dependent contact interactions. With s-and p-wave perturbations treated separately, the explicit form of the pseudopotential is
This potential has plane-wave matrix elements given by (kl vlk') =bo-bl k'k '-b2 (k'2 + k2) .
Using the T-matrix interaction of Appendix B, we obtain values for the b parameters given in Table 1 . However, the T-matrix calculation does not include screening effects, so we think it is more reliable to fit the parameters to the dispersion curve of the band structure calculations. Taking m*= 1.3m for the smooth part of the effective mass, (B2, B4) give a constraint on the sum of b~ and b2, bl +b2 = 18.7 eV-A s.
The other result of the band theory we use is the energy gap E(N) --E(N') at the N point, which we take as E(N)--E(N')=2.75 eV. Numbers close to this value were obtained in [6, 10, 15J. The energy gap is related to the backward scattering T-matrix at the momentum kN, EN/2 = I/1 l o = .
We have considered a variety of parameter sets with these constraints, but we will show results for only three cases. Case I listed in Table 1 is a local interaction that fits the E(N)--E(N') band gap, but has a unit effective mass. This pseudopotential will show the specific lattice effects. Case II adds a p-wave term so that both the smooth effective mass and the band gap are fit. Finally, case III gets an effective mass from a mixture of s-and p-wave pseudopotentials to see what the effect is of this degree of freedom.
